The effects of tumor necrosis factor-a (TNF ex) on the production of the vasoactive substances nitric oxide (NO) and endothelin-l (ET-l) were investigated in cerebrovascular cells in culture. Bovine cerebral endo thelial cells (BCEC) stained positively for NADPH diaphorase/NO synthase activity and spontaneously pro duced nitrite, a stable NO oxidation product, which ac cumulated in the culture medium in a linear way for 48 h. Low concentrations of TNF-a (0.5-2 ng/ml) significantly enhanced nitrite production after a 24-h incubation. Higher concentrations or longer exposure times resulted in a cytotoxic effect that altered cell morphology, re leased lactate dehydrogenase (LDH) to the culture me dium, and reduced the protein content. Dexamethasone, but not the NO synthase inhibitor N-iminoethyl-L ornithine (L-NIO), prevented the cytotoxic effect of TNF-a in BCEC. TNF-a also significantly enhanced ni-
Tumor necrosis factor-a (TNF-a) is an inflamma tory cytokine produced primarily by monocytes and macrophages and, in the brain, by activated astro cytes (Chung and Benveniste, 1990) . TNF-a pro duces a variety of alterations in blood vessel func tion, including increased capillary permeability (Stephens et aI. , 1988) , leukocyte extravasation (Sayers et aI. , 1988) , hypotension (Tracey et aI. , trite production in bovine cerebral smooth muscle cells (BCSMC). The enhancement was detected at all times between 8 and 72 h and at all concentrations tested (2-100 ng/ml). Signs of cytotoxicity were not observed in BCSMC after incubation with TNF-a. ET-J was consti tutively secreted by BCEC. The production of ET-J was stimulated by thrombin. TNF-a enhanced the release of ET -1 in BCEC, aHd this enhancement was not modi fied by the simultaneous addition of interferon-'Y (IFN-'Y). BCSMC did not produce ET-l, either spontaneously or in the presence ofTNF-a, IFN-'Y, or of both together. These effects of TNF-a on cerebrovascular cells may explain the microvascular alterations found in some inflammatory or traumatic conditions in which this cytokine is in creased in the cerebral tissue. Key Words: Blood-brain barrier-Cerebrovascular cells-Cytokines-Cytotox icity-Endothelin-l-Nitric oxide. 1986), and angiogenesis (Frater-Schader et aI. , 1987) . These effects are derived from the direct ac tion of TNF-a on both smooth muscle (SM) and endothelial cells (EC). In the presence of TNF-a, EC express leukocyte adhesion molecules (Wong and Dorovini-Zis, 1992) , procoagulant properties (Nawroth and Stern, 1986) , and so on. Among other effects in SM cells, TNF-a has been shown to stim ulate the secretion of several growth factors (Filonzi et aI. , 1993; Morisaki et aI. , 1993) and to alter glycosaminoglycan composition (Kaji et aI. , 1993) .
In recent years, it has been demonstrated that the blood vessel wall is an important source of vasoac tive substances, which act in an autocrine or para crine manner on vascular cells. Nitric oxide (NO), a potent vasodilator, is synthesized in physiological conditions in EC by a constitutive Ca 2 + -and cal modulin-dependent NO synthase (NOS; Moncada et al. , 1991) . In inflammatory situations, both endo-thelial (Radomski et aI., 1990) and SM cells (Rees et aI., 1990) express an inducible Ca2 + -independent enzyme (iNOS), resulting in a continuous NO pro duction, that may be responsible for the hypoten sion found in endotoxemia (Kilbourn et aI., 1990) . In addition, endothelin-l (ET -1), a potent vasocon strictor peptide, is secreted by EC (Yanagisawa, 1988 ) and in smaller amounts by certain SM cell lines (Resink et aI., 1990) . These local vasoactive substances may mediate part of the vascular effects of TNF-et, because it has been shown that this cy tokine increases the expression of iNOS in rat aor tic SM (Koide et aI., 1993) and of ET -1 in bovine aortic endothelium (Marsden and Brenner, 1992) .
In the brain, TNF-et has been implicated in the pathogenesis of several neurologic inflammatory diseases, such as multiple sclerosis (Selmaj et aI., 199 1), experimental allergic encephalomyelitis (Ruddle et aI., 1990) , and bacterial meningitis (Shar ief et aI., 1992), as well as in closed head injuries (Shohami et aI., 1994) . Microvascular alterations with disruption of the blood-brain barrier (BBB) have been described in all these circumstances, al lowing the appearance of brain edema, and thereby contributing to the alteration of cerebral function.
Although some of the vascular TNF-et actions have already been analyzed in aortic cells, less is known about the direct effect of this cytokine on the cerebral endothelium or SM. A specific study on cerebrovascular cells is justified for two' reasons: (a) the special features that differentiate these cells from those of systemic blood vessels (tight junc tions, highly regulated membrane transport sys tems, etc., in the endothelium; independent regula tion of SM tone in discrete areas, etc.), and (b) the additional consequences that may derive from TNF-et action on cerebral vessels, because an ab normal NO or ET -1 production in the brain tissue can directly affect the function of neurons and glial cells (Garthwaite et aI., 1988; Bredt et aI., 1990; MacCumber et aI., 1990) . Therefore, we have ana lyzed the direct effect of TNF-et on endothelial and SM cells obtained from bovine brains and main tained in culture. We have shown that TNF-et in duces NO release in both cerebral endothelium and SM and ET-l production in cerebral EC. In addi tion, TNF-et has a cytotoxic effect on the cerebral endothelium that is not mediated by NO but is pre vented by the presence of dexamethasone.
METHODS

Cell Cultures
Bovine cerebral endothelial cells (BCEC) were isolated f rom cortical gray matter as previously described (Es-trada et aI. , 1990) . Cells were grown in Dulbecco's mod ified Eagle medium (DMEM) supplemented with 1.25% horse serum, 2.5% newborn calf serum, 100 Vlml peni cillin, and 100 f-Lg/ml streptomycin, and were used be tween passages 17 and 20. Bovine cerebral smooth mus cle cells (BCSMC) were isolated from pial arteries after a modification of the technique described by Aviv et al. (1983) for rat carotid artery cells. Segments of pial arter ies were aseptically removed from bovine brains and im mersed in phosphate-buffered saline (PBS) containing the aforementioned antibiotics. The vessels were cleaned of their adventitia, and the endothelium was mechanically removed. Pieces of the arteries were incubated in DMEM containing 4 mg/ml collagenase (type II) and antibiotics, at 37°C for 30 min, with shaking and periodic up-and down pipetting. Dispersed cells were then centrifuged at 1500 g for 2 min and resuspended in DMEM. After a second centrifugation step in the same conditions, cells were resuspended in the growth medium [DMEM supple mented with 10';7c fetal calf serum (FCS), 100 Ulml peni cillin, and 100 f-Lg/ml streptomycin] and incubated in gel atin-coated culture dishes for 20 min at 37°C to allow possible contaminating EC or fibroblasts to adhere (Aviv et aI. , 1983) . After this interval, the unattached cells were aspirated with the medium and transferred into new gel atin-coated dishes. Two to 3 weeks later, when cells were cont1uent. cultures were incubated for 5 min at room tem perature with pancreatine, to remove possible contami nating EC (Estrada et aI., 1990) . Cells were identified as SM by the characteristic "hills and valley" morphology and by the presence of SM actin detected by immunohis tochemistry (Fig. I B, top) . The absence of EC contami nation was assessed by the lack of t1uorescence after in cubation with labeled acetylated low-density lipoproteins (see the following). All cells were maintained at 37°C in a 5% COo atmosphere and were regularly subcultured once a week with 0.25% trypsin-EDTA in calcium-and mag nesium-free PBS. Cells were seeded in 2 cm 2 tissue culture wells at a density of 50,000 (BCEC) or 30,000 (BCSMC) cells/cm 2 • Three days later, the cont1uent cells were washed with PBS, and TNF-u or the corresponding drugs or both were added in 0.5-to I-ml serum-free DMEM. Three to 72 h later, the cell-conditioned medium was centrifuged at 9,000 g for 30 s and used for nitrite, ET-l, or lactate dehydrogenase (LDH) activity determinations.
Cell Identification
Uptake of Acetylated Low-density Lipoprotein Labeled with 1,1' -dioctadecyl-3 ,3 ,3' ,3' -Tetramethylindocarbo cyanine Perchlorate (Dil-Ac-LDL). This staining specifi cally labels macrophages and EC (Voyta et aI., 1984) . Cells grown on glass coverslips were washed twice with PBS and exposed to fresh culture medium containing 10 f-Lg/ml Dil-Ac-LDL for 4 h at 37°C. After washing with serum-free medium, cells were fixed with 3% formalin in PBS and examined under fluorescence microscopy. BCEC were 100% positive ( Fig. lA, top) .
Smooth Muscle Actin Immunohistochemistry. Cells were fixed in cold methanol for 10 min, washed, and se rially incubated with 1 :500 mouse anti-rabbit SM actin, biotin-bound goat anti-mouse F(ab'}z, and streptavidin bound to peroxidase (Tago Histoprobe). After incubation with peroxidase substrate, cells were observed under light microscopy. BCSMC (Fig. IB, top) , but no BCEC were positive with this staining. 
NADPH-Diaphorase Staining
Preconfluent BCEC and BCSMC grown on glass cov erslips were washed twice with PBS and fixed with 4% paraformaldehyde for 15 min at room temperature. After washing in 0.1 M phosphate buffer (PB), pH 7.4, the cells were incubated with a mixture containing 1 mM NADPH, 1 mM nitroblue tetrazolium (NBT), and 0.3% triton-X-100, in 0.1 M PB, pH 8.0, for 60 min at 37°C. Cells were then rinsed in PB, mounted on slides, and observed under light microscopy.
Nitrite Production
The measurement of nitrites was based on the Greiss reaction. Aliquots of cell-free supernatants (225 f.L1) were incubated with 75 f.L1 of 2% sulfanilamide and 0.2% N-I naphthyl-ethylendiamin dihydrochloride in 0.6 N cm, in 96-well plates, at room temperature for 10 min, with shak ing. Nitrite concentration, proportional to ODS40' was de termined using a microplate reader (EL 340, Bio-Tek) with reference to a standard curve.
Endothelin-l Production
ET-I was measured by radioimmunoassay, using a kit from Peninsula Laboratories (Belmont, CA, U.S.A.).
BCEC-conditioned medium (25 f.L1) or BCSMC superna tant (100 f.L1) were incubated overnight at 4°C with rabbit anti-ET -1 antibody in a total volume of 200 f.L1. The next day, 100 f.L1 of I1 2 5-ET-I was added and incubated at 4°C.
After 24 h, goat anti-rabbit globulin and normal rabbit serum were added and incubated for 2 h at room temper ature. The precipitate was centrifuged at 1,700 g for 20 J Cereb Blood Flow Metab, Vol. 15. No.6. 1995 min and the radioactivity measured In a Bio Kinetics Reader EL 340 (Bio-Tek). (1) LDHTxlOO -LDHcontrol where LDH activity in the TNF-cx-treated cell superna tant is expressed as the percentage of LDH in the medium of cells treated with 0.1 % Triton-X IOO (maximal release), after subtracting the LDH activity present in untreated cultures. When the effect of N-iminoethyl-L-ornithine (L NIO) or dexamethasone was tested, these drugs were added to both control and TNF-cx-treated cultures at the same time as TNF-cx.
Cytotoxicity Assay
Statistics
Data are expressed as mean ± SD. Student's t test for paired or unpaired samples was used for comparisons be tween groups. A value of p < 0.05 was considered signif icant.
Chemicals
All culture media and sera were purchased from GIBCO (Paisley, UK); human recombinant TNF-cx from Pepro Tech (Rocky Hill, NJ, U.S.A.); collagenase, dexa- 
RESULTS
NO Production by Cerebrovascular Cells
Staining for NADPH-dependent diaphorase showed a moderately intense perinuclear punctate in the BCEC (Fig. lA, bottom ), suggesting the pres ence of constitutive NOS in these cells in culture. Except a few cells in each culture, which were stained very heavily, BSMC were negative for NADPH-dependent diaphorase (Fig. IB, bottom) . BCEC and BCSMC grown to confluence sponta neously produced nitrites, stable oxidation prod ucts of NO. Nitrites accumulated in the culture me dium linearly for 48 h, and reached a plateau there after. The amount of nitrites recovered in the medium was larger for endothelial than for SM cells ( Fig. 2A) .
TNF-a (2-100 ng/ml) produced an enhancement of the nitrite production in BCSMC that was first observed after a 8-h incubation with the cytokine and that was maintained for at least 72 h (Fig. 2B) .
A similar effect of TNF-a on BCEC was evident at low concentrations (0.5-2 ng/ml) and times <48 h (Fig. 2C) . The lack of progression of NO production with either concentration or time could be due to a cytotoxic effect of the cytokine (see the following). When the TNF-o: effect was expressed per milli gram of protein, the enhancement of nitrite produc tion was observed up to 72 h incubation with the cytokine (Fig. 2D ). This effect was not modified in the presence of interferon--y (IFN--y; not shown).
ET -1 Production by Cerebrovascular Cells
BCEC spontaneously produced ET -I that accu mulated in the culture medium in a linear way for 48 h before reaching a plateau (Fig. 3A ). As has been described in EC from other sources, ET -I produc tion was enhanced by thrombin (not shown). TNF-o: also increased ET -I production when ex pressed per milligram of protein (Fig. 3B ). This ef fect was not modified by simultaneous treatment with IFN--y (Fig. 3C ). No accumulation of ET-I was detected in the culture medium of BSMC in control conditions or after stimulation with TNF-o: or IFN--y or both.
TNF-a Cytotoxicity on Cerebrovascular Cells
TNF-o: altered cerebral endothelial cell morphol ogy, producing a cell-body retraction and cell process elongation (Fig. I, E and F) that was similar to those described in endothelia from other sources. No changes in BSMC morphology were observed in the presence of the cytokine. TNF-o: had a time-and concentration-dependent cytotoxic effect on BCEC, as evaluated by measur ing LDH activity in the culture medium ( Fig. 4A  and B ). Cell death was prevented by simultaneous incubation with dexamethasone ( Fig. 4C) but not by inhibiting the NOS with L-NIO (Fig. 4D) . 
DISCUSSION
Our work explored the ability of cerebrovascular cells to produce vasoactive substances and the ef fect of the proinflammatory cytokine TNF-o: on this function.
Although the capacity of macrovascular EC to synthesize NO has been extensively demonstrated, less is known in this respect about the microvascu lar cerebral endothelium. BCEC stained positively for NADPH-diaphorase, which is an enzymatic ac tivity of NOS (Dawson et aI. , 199 1; Hope et aI. , 1991) , and this agrees with a recent report showing the presence of NADPH-diaphorase activity in EC from cerebral capillaries in situ (Gabbott and Ba con, 1993) . The enzyme staining together with the spontaneous accumulation of nitrites in the culture medium indicate that bovine cerebral microvascular EC in culture constitutively express NOS. Addition of TNF-o: to the cultures increased nitrite produc tion by BCEC, as has been previously described in bovine aortic cells (Lamas et aI. , 199 1; Estrada et aI. , 1992) . Neither spontaneous NO production nor enhancement by TNF-o: has been observed in cul tured rat (Marsault and Frelin, 1992; Durieu Trautmann et aI. , 1993) and mouse (Gross et aI. , 199 1) cerebral EC, whereas a large NO release was reported on stimulation with a combination of TNF-o: plus IFN--y in these cells (Gross et aI. , 199 1; Durieu-Trautmann et aI. , 1993) . Although species differences should not be disregarded, it is interest ing to note that the latter experiments were per formed in serum-supplemented cultures, whereas the effects of TN F-o: alone in bovine aortic (Lamas et aI. , 199 1; Estrada et aI. , 1992) serum. In the brain, where the EC are sealed to gether by tight junctions, TNF-a produced by acti vated astrocytes or by extravasated macrophages would reach the endothelium from the abluminal side, that is, in the absence of serum components. Therefore, in certain pathological conditions, vas cular alterations induced by TNF-a might exist, even in the absence of IFN--y. BCSMC also had a basal release of NO, as shown by the accumulation of nitrites in the culture super natant. Because SM cells express only iNOS, these results may be explained by an induction of the en zyme in the culture conditions. In fact, it has been shown in isolated arteries that iNOS can be induced in SM cells after incubation in physiological media for periods longer than 8 h (Rees et al. , 1990; Gonzalez et aI. , 1992) . According to the NADPH diaphorase staining, only a few cells in each culture express the synthesizing enzyme, and thus they would be the origin of the nitrites present in the conditioned medium. The possibility that the stained cells might be vascular macrophage contam ination can be ruled out from the absence of Dil Ac-LDL fluorescence in these cultures. The reason only some BCSMC expressed NOS is unknown. Two different phenotypes, proliferating and nondi viding cells, expressing different properties have been described in SM cultures from different origins (Fager et aI. , 1989; Schmidt and Buddecke, 1990) . It is possible that the two phenotypes coexist in these pre confluent cultures and that one of them would be more susceptible to NOS induction.
TNF-a increased nitrite production by BCSMC. Formation of NO by cultured aortic SM cells has been detected after treatment with LPS or with different combinations of cytokines (Busse and Mulsch, 1990) , as a result of the induction of iN OS in these cells (Beasley and Eldridge, 1994) . How ever, the fact that TNF-a alone could induce iNOS in aortic SM has been described only recently (Koide et aI. , 1993; Shibano and Vanhoutte, 1993) . Our study is the first report indicating an induction of NO production in cerebral SM cells. In the brain, iNOS induction in SM cells may have specific con sequences because an excess of NO in the cerebral arterioles can prevent the fine adjustment between CBF and synaptic activity that is required for cor rect nervous tissue function.
The reports of spontaneous ET -I production by cerebral EC are controversial (Vigne et a!. , 1990; Durieu-Trautmann et aI. , 1993) . BCEC spontane ously produced ET -I, which accumulated in the culture medium for up to 3 days, reaching concen trations similar to those simultaneously measured in the supernatant of aortic EC (unpublished results). This production was increased by thrombin, as has been described in endothelium from other sources (Yanagisawa et aI. , 1988) . TNF-a has been shown to upregulate ET -1 gene transcription in bovine aor tic and renal EC. We now report that this cytokine also increased ET -1 production by the cerebral en dothelium. As occurred with NO production, IFN--y did not affect ET -I release, and did not potentiate the TNF-a effect, at least under the serum-free con ditions used here. Specific ET binding sites have been localized in the brain, mostly in the hippocam pus and granular layer of the cerebellum (Jones et aI. , 1989) , in both neurons and glial cells (MacCum ber et aI. , 1990) . Therefore, several cell types, in cluding glia, neurons, and SM cells, are susceptible to the ET -I derived from cerebral arterioles or cap illary EC, either in physiological situations or dur ing stimulation by TNF-a in certain pathological states.
The long-term stimulatory effect of TNF-a on the secretion of vasoactive substances by the cerebral endothelium was observed only when the amounts of nitrites or ET -1 were expressed as a function of the cell protein content in each tissue culture dish but not when they were expressed as concentration in the culture medium. This was due to a decrease of cell protein after incubations >24 h with TNF-a (not shown). This result suggested a cytotoxic ef fect of TNF-a on BCEC, similar to that previously demonstrated in EC from other sources (Sato et a!. , 1986; Schuger et aI. , 1989; Estrada et aI. , 1992) . In fact, accumulation of LDH activity in the condi-tioned media indicated a time-and concentration dependent cytotoxicity induced by the cytokine. Dexamethasone, which prevents many of the ef fects of TNF -a on EC (Kerner et aI. , 1992) , abol ished the cytotoxicity in BCEC. One of the effects of dexamethasone on EC is to prevent the expres sion of iNOS induced by LPS (Radomski et aI. , 1990) . Because NO synthesized by macrophages and by endothelial iNOS is cytostatic and cytolytic for tumor cells (Stuehr and Nathan, 1989; Li et aI. , 199 1) , this molecule might be mediating the cyto toxic effect of TNF-a on cerebral EC. This possi bility was excluded because addition of L-NIO, a potent inhibitor of iN OS (McCall et aI. , 1991) , to the culture medium did not block the cell death induced by TNF-a. This result indicates that, contrary to what we previously observed in aortic endothelium , NO did not participate in the TNF-a cytotoxicity in BCEC. It could be that BCEC are more sensitive to other TNF-a-induced cell death mechanisms (Robaye et aI. , 199 1; Ishii et al. , 1992 ) that occur within a shorter interval and therefore do not allow the production and release of toxic amounts of NO.
Our re' sults indicate that, in the cerebral mi crovasculature, TNF-a causes overproduction of NO by SM cells and of ET-I by EC, together with a cytotoxic effect on the latter. Endothelial damage and NO release may lead to alterations of the BBB and arteriole dilatation, which probably contribute to the brain edema observed in pathological states in which TNF-a concentrations are increased (Sel maj et aI. , 199 1; Sharief et aI., 1992; Shohami et aI. , 1994) . The functional consequences of ET -1 over production are as yet unknown, but it should be kept in mind that this endothelial mediator may act on specific receptors sites on neurons and astro cytes (Jones et a!. , 1989; MacCumber et aI. , 1990) adjacent to cerebral capillaries.
